Investigation of a charged agglomerator and a diesel particulate
INTRODUCTION
The diesel engine is widely used because of its high power and low fuel consumption (Du et al., 2018 ). However, the particle emission from a diesel engine is linked direct-ly to its effect on the human health (Lv et al., 2011) . In this regard, with emission regulations becoming more stringent, the application of emission improving after-treatment techniques has become indispensable. A diesel particulate fi lter (DPF) is currently one of the most effi cient after-treatment technologies (Bergmann et al., 2009) , nonetheless it has its drawback when used in fi ltering microparticles (E et al., 2016a) .
To improve the microparticles fi ltering effi ciency, the pore diameters of the DPF should be smaller along with lower porosity. However, this might increase the exhaust back pressure and worsen the performance of the engine (E et al., 2016b) . In recent years, there have been lots of numerical and experimental investigations conducted to improve the performance of DPF. Deng et al. (2017a,b) developed a mathematic model of pressure drop in the DPF in an equilibrium state to study effects of key parameters on DPF. It was found that a smaller diameter of DPF will result in a larger pressure drop and more complications for the length of fi lter in equilibrium. Zhang et al. (2017) investigated the infl uence of structural and operating factors on performance degradation of DPF based on composite regeneration. The results showed that impacts of four factors on the fi lter thermal aging ranked from the most important to the least important as the channel width, porosity, mean pore size, and wall thickness. Deng et al. (2017) studied the temperature distribution of DPF in the thermal regeneration process and carried out its fi eld synergy analysis. According to the results, an excellent synergy between the temperature gradient and velocity is observed in the front of the fi lter section, and the regeneration optimization area ratio increases with increase of velocity. Zhang et al. (2016c) established multidisciplinary design optimization of the DPF in the composite regeneration process. The MDO results showed that the pressure drop decreased by 14.5%, the regeneration effi ciency increased by 17.3%, the microwave energy consumption decreased by 17.6 %, and the thermal deformation decreased by 25.3%.
To sum up, the above studies reveal that researchers have concentrated on investigating the effects of the geometrical structure and operating parameters of the DPF. As a new method, charged agglomerator makes particles cluster and grow in size so that at the same particle mass the number of particles is less (Boichot et al., 2009) . Currently, the relevant research fi elds have received lots of attention from researchers, especially in aerosol related investigations (Wanatabe et al., 1995 (2017) investigated a semiindustrial-scale, two-stage electrostatic precipitation system comprised of unipolar electrostatic agglomerator and an electrostatic precipitator, fi nding that this system allows obtaining higher fractional collection effi ciency for PM1 and PM2.5 particles. Lu et al. (2018) utilized an experimental system composed of microscopic visualization and high-speed photography to observe the relative motion and agglomeration characteristics between fi ne particles and a large glass particle, and carried out simulation of the movements of fi ne particles. It can be seen that this method shows good potential in diesel emission particles control, but it has not been widely used yet. In this paper, a wire-cylinder-type charged agglomerator used in a diesel engine is presented. Bench testing of the agglomerator was carried out under various engine working conditions before and after the application of DPF. Also, the infl uence of the charged agglomerator on DPF was analyzed, to study the effect of DPF on engine emission performance and economic effi ciency. By using transmission electron microscopy (TEM) and boxing counting method, the morphology and fractal particle dimensions were obtained and analyzed.
EXPERIMENTAL DETAILS AND METHODOLOGY

Specifi cations of Test Engine and DPF
The bench testing was performed on a 186FA diesel engine. The summary of the engine specifi cation is given in Table 1 . The substrate of the DPF is a wall-fl ow beehive ceramics fi lter. The summary of the fi lter specifi cation is given in Table 2 .
Introduction of Charged Agglomerator
A charged agglomerator is a method that enhances the charge capabilities of microparticles through a high-voltage corona discharge, so that a relative movement in the agglomeration electric fi eld can be ensured by the charged particles in agglomerating TABL E 1: Summary of the engine specifi cation
Specifi cations Parameters
Connecting rod length (mm) 117.5
Compression ratio 18.5:1
Cylinder bore × stroke (mm) 86 × 72
Cylinder number 1
Stroke number 4
Rated power (kW) 6.0
Cooling model Air cooling each other (Koizumi et al., 2000) . The charging system is shown in Fig. 1a . A stainless steel wire in the center of the cylinder is connected with a negative high-voltage DC power supply (discharge electrode). The length and diameter of the stainless steel wire is 500 and 1.5 mm, respectively. The stainless steel cylinder is the main body and also the earth electrode of the wire-cylinder-type charging system. The outer diameter of the cylinder is 50 mm. This charging system uses the negative high-voltage DC (HVDC) power supply (TE4020) since negative corona-charged particles are easier than a positive corona (Oravisjärvi et al., 2014; Ji et al., 2004) The maximum output power supply voltage is -50 kV. The agglomerating system is shown in Fig. 1b .
To ensure gently and suffi ciently agglomeration of charged particles, fl ow velocities of the exhaust particles were reduced by dividing them into two parts, since it is generally known from research that a high-voltage AC (HVAC) electric fi eld can promote collision and agglomeration of particles (Zhao et al., 2005) . Hence, in this experimental study, an alternating current (AC) generated by the 220 V input voltage was used, where the maximum power supply output voltage is 44 kV HVAC at 50 Hz.
Methodology
In Fig. 2 , the layout of the bench testing system setup is shown. Measurements were carried out at two different engine speeds (3600 and 2700 rpm) and at four different loads (25%, 50%, 75%, and 100% of the maximum torque output). The pressure drop, smoke intensity, fuel consumption, and fi lter effi ciency of the DPF at different operating points, before and after the installation of the DPF, were measured and analyzed. The equipment used in testing is listed in Table 3 . The three measuring points on the exhaust pipe where measurements were taken are located before the charging system, after the agglomerating system, an d after the DPF. During the experiment, sampling heads of MOUDI were placed at the three measuring points to acquire particles. The morphology and the fractal dimension of the particles were obtained and analyzed by TEM.
RESULTS AND DISCUSSION
Infl uence of Charge d Agglomerator on Pressure Drop of DPF
The pressure drop charac teristic is one of the main performance indicators of the DPF. An excessive pressure drop can lead to a decrease in the permeability of the fi lter wall and build up high back pressure that brings several negative effects such as an increased fuel consumption and the engine or DPF failure (E et al., 2016b) . To study the infl uence of the charged agglomerator on DPF, an experiment was carried out at 75% load and at the engine speed of 2700 rpm. As is seen from Fig. 3 , two curves from the two conditions follow the same trend, which is an upward linear trend. Under single DPF condition (i.e., without agglomerator), the pressure difference between the front end and the rear end is 3.3 kPa after loading the DPF for 3000 s. After the addition of the charging system and loading the DPF through the same time duration, the overall pressure drop decreased. That is, the pressure drop to 3 kPa before and after loading the DPF. It is obvious that a lower pressure drop in the fi lter will improve the dynamic performance of a diesel engine, as well as its fuel economy (Orihuela et al., 2017) . The variation in pressure between the front and rear of the DPF is due to the fact that the charged agglomerator affects the quantity of diesel particles emitted (Yamamoto et al., 2009) . That is, particles collide and agglomerate with each other, which results in the reduction of the quantity of particles emitted due to the growing size of agglomerating particles. Moreover, similar to a small electrostatic precipitation system, the charging system when turned on, absorbs a part of the charged particles on its stainless steel walls (grounding) due to the strength of the electric fi eld. In general, the charging system helps to reduce the pressure drop of the DPF and effectively improves the stability of engine operation. Figure 4 shows the change in the fuel consumption rate of a diesel engine before and after DPF installation at an engine speed of 3600 rpm. It can be seen from the fi gure that the fuel consumption of the diesel engine increases by about 5% after the instal-
FIG. 2: Layout of bench test system
Infl uence of Charged Ag glomerator on Fuel Consumption
FIG. 3:
Pressure drop before and after charged agglomerator coupling with DPF lation of the DPF. This is because after the installation, the exhaust fl ow inside the carrier gets blocked, resulting in relatively higher restrictive outfl ows as compared to the original engine. Also under a high load, the increment of exhaust back pressure results in the continual deposition of particles inside the DPF. This therefore leads to the deterioration of the diesel engine's working condition and the subsequent rise in the fuel consumption rate under a high load.
When the DPF is coupled with the charged agglomerator , fuel consumption reduces by about 2%. This is because the exhaust particles get coagulated after the charged agglomerator, hence increasing the particles size. This means that under the same particle mass, the quantity of particles is relatively less. Comparing with the nonagglomeration condition, the exhaust back pressure of the DPF decreases and therefore results in the decrement of fuel consumption and improvement of the economic performance. Figure 5 shows the curve profi le of smoke intensities at a constant engine speed of 3600 rpm and at varying loads. The curves represent the smoke intensities obtained before and after the charged agglomerator and with the DPF coupled to the engine. As is seen generally in the fi gure, an increasing engine load increases the smoke intensity. This occurs because, with load increment, the temperature rises inside the cylinder, while the charge coeffi cient decreases. At the same time, the ignition delay period is shortened, and the injection duration extended. Also the total gas in the air-fuel mixture ratio increases in the cylinder, resulting in the intensifi cation of incomplete combustion (oxygen-lacking), and the partial oxidation of soot. Hence, the production
Infl uence of Charged Agglomerator on Soot Emissions
FIG. 4:
Fuel consumption rate before and after charged agglomerator coupling with DPF of smoke from the engine intensifi es. The smoke intensity obtained from the original engine was 0.45 BSU, 0.68 BSU, 1.23 BSU, and 2.1 BSU, respectively. However, after the addition of DPF, the smoke intensity decreases to 0.31 BSU, 0.33 BSU, 0.36 BSU, and 0.4 BSU. Additionally, after the DPF was coupled with the charged agglomerator, the smoke intensity further decreases to 0.26 BSU, 0.27 BSU, 0.29 BSU, and 0.32 BSU. This could be attributed to the increase in the particle size after application of charged agglomerator. Therefore to effectively improve the effi ciency of the DPF, decrement in soot emission had to be ensured by collecting coarse particles and reducing the escape of fi ne particles.
Infl uence of Charged Agglomerator on Filtration Effi ciency
In this experiment, FBY-201 smoke meter measuring equipment was used to measure the Bosch smoke value of particles before and after fi ltration by the DPF. In theory, the fi ltration effi ciency should be calculated based on the mass concentration of particles, however, since it is diffi cult to measure the concentration of particles, the concentration could be computed from the measured Bosch smoke value, which is shown to correspond with the mass concentration of particles from related research outputs. Hence, in this experiment, the empirical formula of Alkidas was used to convert the smoke value into the mass concentration:
1.206 10 = 565 ln 10
where Rb represents the Bosch s moke value (Alkida s et al., 1984) . The fi ltration efficiency can be given as follows: 
where C 1 and C 2 represent the mass concentration of particles before and after DPF, respectively. The fi ltration effi ciency of the DPF was computed with the empirical formula at full load and 3600 rpm engine speed. From the results, a fi ltration effi ciency of 87.9% was obtained after installing the DPF. Also, with the coupling of the charge agglomerator, the effi ciency increased to 91%, i.e., 3.1% relative increment. It can therefore be seen that the fi ltration effi ciency improves effectively by using a charged agglomerator. Although DPF effectively captures diesel particles, the effective capture of ultrafi ne particles still remains a challenge. Nonetheless, since the charged agglomerator agglomerates the fi ne diesel particles into larger size, the DPF can effectively capture more of the agglomerated fi ne particles, therefore improving the fi ltration effi ciency.
Morphology Analysis by TEM
TEM images can be used in analyzing the morphology of microparticles, and also the characterization of morphological features which cannot be described quantitatively (Burtscher et al., 2005; Chen et al., 2015) Figure 6a -c shows the morphological structure of particles at three different locations within the exhaust (100% engine load condition). It can be seen from the fi gure that the aggregated particles (secondary particles) at different points were obtained due to the accumulation of basic particles. These particles have different sizes and, due to mutual accumulation, their appearance is spherical in shape. The relative darker areas in the fi gures are due to superposition of particles.
Comparing the images in Fig. 6 , large differences in the morphology of particles can be seen. At measuring point 1 (original) the spherically shaped particles are distributed in groups that are closely connected with each other. This occurrence is due to the fact that the quantity and size of the particles gets larger (at high speed and in high load engine conditions), resulting in relatively more matured particles.
The morphology of the particles at measuring point 2 (after the charged agglomerator) in Fig. 6b shows more obvious spherical distributions. It can be seen that the phenomenon of agglomeration and accumulation of particles is much more compact in structure than the one shown in Fig. 6a . This is because the high load condition causes incomplete combustion of diesel, which results in the increase of unburned diesel fuel and some organic components in the particles. Therefore the adoption of charged agglomerator increases the chances and degree of collision between electrochemical reaction and oxidation reactions products, hence increasing the rate of cluster formation and size of particles. The larger the particle size obtained, the stronger the adsorption rate and the higher the rate of particles accumulation. This then results in the intensifi cation of the overlapping effects between accumulated particles. The morphology of particle at measuring point 3 (after the DPF) is as shown in Fig. 6c . It can be seen that the particles distribution is in small clusters with reduced accumulation, loose structure, clearer profi le, and improved degree of graphitization. This is because more coarse particles, HC, CO, and other harmful substances are captured by the DPF after the agglomeration. The escape, mostly by fi ne particles, reduces the particles organic components, resulting in the decrease effect of particles overlapping with a more obvious contour.
Fractal Dimension of Particles
Results of a related research work shows that irregularly shaped particles (cluster shape, chain shape, etc.) have typical fractal structured characteristics with less obvious similarities (Lapuerta et al., 2006; Gulijk et al., 2004) . The "box counting dimension," which does geometric analysis of particle structure and studies the density of the particle geometry in quantitative accuracy was used in this research. The "box counting dimension" method is also called the pixel-covering method. To calculate the dimensions for a fractal S, the number of boxes covering the fractal is counted in an evenly spaced grid where it is imagined to be lying. The "box-counting dimension" is calculated by observing the changes in number as the grid is made fi ner by the application of a box-counting algorithm. The box-counting dimension (D) can be defi ned as follo ws:
where N (r) is the number of boxes and r is the side length used t o cover the set (Ai et al., 2014 , Xu et al., 2017 .
The calculation fl ow chart of the box counting dimension shown in Fig. 7 is split into two steps: image preprocessing and iterative statistics. Figure 8 shows the processing procedure of particles TEM images. Firstly, image denoising has to be accomplished. At the binary processing step (fi rst step) of image processing, the Otsu method was used to ensure the minimum threshold value of im- 
age segmentation. Afterwards, the binary image is prepared with image in-painting and edge extraction, respectively. This is to ensure the integrity of the particles outline and the reliability and accuracy of boundary extraction. Based on the above, fractal dimensions of different measuring points are computed. The "box counting dimension" can reveal the degree of compaction and irregularity of particles. The higher the box counting dimension, the higher the density, and therefore the higher the degree of overlap between the original particles. Also, the smaller the "box counting dimension," the smoother the particle, hence the smaller irregularities. From the above method, the fractal dimension of particles at different measuring points at engine speeds of 2700 and 3600 rpm are shown in Fig. 9 . It can be seen from the fi gure that at 2700 rpm engine speed, the fractal dimension of particles at measuring points 1, 2, and 3 are 1.3526, 1.8397, and 1.1123, respectively, while at 3600 rpm engine speed, the fractal dimension of particles at measuring points 1, 2, and 3 are 1.3087, 1.7532, and 1.0835, respectively. It is evident that the fractal dimension of the particles increases from point 1 to point 2. The results show that the particle accumulation is intense with a more compact structure and increase in the particles overlap ratio, and irregularities. This is as a result of the increase in the total number of primary particles and overlap effect at a full load. The charged agglomerator intensifi es the collision and agglomeration between charged particles, which further increases the cluster of particles, resulting in the phenomenon of particles overlapping. Moreover, the higher the degree of primary particles in the agglomerated particles, the denser the particles become, and the more irregular their microstructure. From point 2 to point 3, the fractal dimension of the particles decreases, indicating reduction in the degree of particle accumulation with a loose structure and reduced particles irregularities and clearer outline. This is because with bigger particles and stronger adsorption, the accumulation of particles becomes intense. However, with DPF capturing most coarse particles, HC, CO, and other harmful substances after agglomeration, only fi ne particles mostly escape, resulting in reduction of particles organic components and decrease in the fractal dimension.
In addition, it can be seen from Fig. 9 that with increase in the engine speed, the fractal dimension of the particles decreases, but the decrement is minimal. This is because a higher speed shortens the fuel combustion time, weakens the agglomeration of primary carbon particles, and decreases the density of agglomerated particles. The 
CONCLUSIONS
To analyze the economical effi ciency and emission performance of the diesel engine coupled with charged agglomerator and DPF, bench testing of the setup was performed in this research. The main conclusions arrived at are as follows:
(1) At engine speed of 2700 rpm and 75% load, the pressure drop obtained after loading the DPF for 3000 s is 3.3 kPa. Further decrease in the DPF pressure drop curve of about 0.3 kPa was noted after running the system for 3000 s with the charged agglomerator installed. (2) After the DPF installation, the fuel consumption rate of the diesel engine increases by about 5% on the average under different working conditions. With the installation of charged agglomerator, 2% decrease in fuel consumption rate occurred, hence improving the fuel economy of the diesel engine. (3) After the DPF installation, smoke emission signifi cantly decreases, especially at high loads. At an engine speed of 3600 rpm and under full load, exhaust smoke decreases from 2.1 BSU to 0.4 BSU. After installing a charged agglomerator, it further decreases to 0.32 BSU. From computations (empirical formula), DPF's fi ltration effi ciency of 87.9% was obtained. The overall fi ltration effi ciency can be increased by 3% after installing the charged agglomerator. (4) After the charged agglomerator, the agglomeration and accumulation phenomena of the particles are enhanced, resulting in a more compact structure. After the DPF, particles distribute in small clusters with a loose structure and improved degree of graphitization. The fractal dimension of particles increases after the charged agglomerator and decreases after the DPF, which is consistent with the results obtained from TEM.
